Objective evidence for the role of inhibition of collagen cross-linking in human scar using a nontoxic topical inhibitor, 1,4-diaminobutane (1,4 DAB), in patients with scars at risk for hypertrophic scar formation is presented. The authors used a concentration of 1,4 DAB of 0.8% (weight/volume) in a cream base similar to Glaxal Base. Application was once per day at night. The control was treated with cream base alone. In treatment phase studies at 2 months, tissue biopsies were performed and used to determine a therapeutic effect biochemically in paired scars harvested chosen with typical hypertrophic scars at two major treatment centers. Tissue transglutaminase activity revealed a significant reduction of the ɛ-(γ-glutamyl)lysine cross-links in the treated scars: 7.96 ± 1.51 pmol/µmol amino acid versus 14.78 ± 3.52 pmol/µmol amino acid. A subset of paired scars (n = 15) was also analyzed for soluble procollagen type III amino propeptide. The effect was a significant increase in procollagen type III amino propeptide in the scars treated with 1,4 DAB compared with shamtreated scars: 47.75 ± 4.6 µg/mg wet weight versus 39.08 ± 6.02 µg/mg wet weight, respectively. Levels of tissue 1,4 DAB was found to be twice as high in the presence of the active cream versus in the tissue of the control group. In subsequent prophylaxis studies, the authors treated 44 breast reduction patients prospectively with active cream to one or the other side in a double-blind randomized fashion. Hardness (in grams) measured using a Rex Durometer at 6 and 12 weeks postoperatively along with photographs were analyzed. The mean value ± SD of 24.98 ± 1.2 g on the active side versus 31.76 ± 1.1 g on the sham side was significantly different (p < 0.05). The patient scale scores of the Patient and Observer Scar Assessment Scale were also requested by survey in a responding 27-patient subgroup at a minimum 1 year postoperatively, and the differences between the two sides were found to be statistically significant, where the mean on the active side was 14.07 ± 1.34 and the mean on the sham side was 21.41 ± 1 (p < 0.05). The results are evidence to support the use of this agent in prevention of hypertrophic scars. (Plast. Reconstr. Surg. 145: 76e, 2020.) EXPERIMENTAL Volume 145, Number 1 • Prevention of Human Hypertrophic Scars 77e Fig. 7 . Representative result of one breast reduction patient and the relative improvement in the appearance of scars on the treated (left) side versus the sham (right) side at 12 weeks.
H ypertrophic scar formation remains a poorly understood disorder in postsurgical and trauma patients, although studies of its pathogenesis have been reported. 1, 2 Current treatment modalities rely on steroid injection, silicone gel and pressure garments, in addition to 5-fluorouracil and radiation therapy in keloids, although these scars are different in their pathogenesis. Results to date remain unreliable requiring invasive or cumbersome long-term treatment. We began these studies to attempt to control fibrous proliferation in hypertrophic scars. This led to the discovery of an enzyme-mediated cross-linking of precursor type III collagen in the wound, which forms a nidus for subsequent type III and type I collagen to form fibrils in the ongoing formation of scar. 2 This study analyzes the mechanism of action of a biochemical inhibitor of the responsible enzyme, tissue transglutaminase, in reducing the cross-linking of the fibrous tissue matrix and also shows clinical evidence of objective improvement in the scar structurally by scar hardness using durometry and by patient assessment using the validated Patient and Observer Scar Assessment Scale. 3 
PATIENTS AND METHODS

Analytical Assessments
Thirty patients were prospectively randomized in double-blind fashion to receive 1,4-diaminobutane (1, 4 DAB) or control treatment by the hospital research pharmacist in Winnipeg, which supplied both centers with labeled jars of cream that were identical apart from the code on the jars. The study monitors at both centers provided patients with necessary instruction for use of the topical preparations and arranged before and after treatment follow-up. Topical 1,4 DAB was compounded as 0.8% weight/volume in a base that is available commercially (Glaxal Base; Glaxo Canada Ltd., Toronto, Ontario, Canada) and given the early commercial name Fibrostat. 4 Arrangements were made for biopsy at 2 months after initiation of the study, as these patients had already had visible scars present for at least 1 month before enrolment. Subsequent work showed that maximum cross-link formation occurs at 3 months after injury (data not shown), and we also showed that maximum hardness in the scars appears at approximately 3 months postoperatively. Inclusion criteria required that two areas on the extremities or torso, as similar as possible, had to be assessable. However, separation of two treatment areas along a single scar simultaneously was allowed. It was desirable for the two scars to be actively hypertrophic as evidenced by their appearance clinically. 4 Scars that were previously nonhypertrophic but became raised, red, and symptomatic were treated as well. Patients with dermatoses or malignancy were excluded from all phases, as were female patient who might have become pregnant during the study period or who were lactating. Patient age was not a consideration, unless compliance became an issue. The patients reported all and any adverse events to the study monitors. All were issued consents and numbered jars or cream along with patient instruction for proper application. The study was conducted in accordance with the local ethics committees at the universities of Manitoba and Alberta in keeping with the Declaration of Helsinki.
Analytical Methods
Topical 1,4 DAB was shown to be active for up to 12 months (data on file), although hospital stock was rotated every 3 months. Control treatment differed from the active cream only in that 1,4 DAB was omitted. Patients and caregivers could not distinguish between the active and control preparations.
Biochemical analysis of the content of 1,4 DAB was carried out on 10 representative samples of active cream and 50-mM standard samples on high-performance liquid chromatography by an independent laboratory of an industrial partner. Each batch subsequently used in the breast reduction group was tested by the formulating laboratory (data on file; Dermal Therapy Research, Inc., London, Ontario, Canada). A similar method was used to measure levels of 1,4 DAB in eight punch biopsy tissue samples from scars revised at 3 months in patients who had given consent and who requested this and is described in the Appendix. (See Appendix, Supplemental Digital Content 1, http://links.lww.com/PRS/D848.)
Procollagen Type III Amino Propeptide Radioimmunoassay Technique
Radioimmunoassay was chosen for its specificity in measuring subtypes of collagen in the tissue. Antibodies raised in sheep to human procollagen type III amino propeptide and adsorbed onto particles that can be radioactively iodinated were purchased. The radioactivity from the adsorbed particles onto procollagen type III amino propeptide which is attached to the testing well can then be quantitated in a gamma counter.
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The homogenization supernatant and digestion supernatant were prepared for procollagen type III amino propeptide radioimmunoassay from 15 patients by dilution with phosphate-buffered saline, pH 7.4: 1:50 to 1:100 dilutions were used for preparation of the homogenization supernatant samples and 1:10 to 1:25 dilutions were used for preparation of the digestion supernatant samples. Assays were carried out according to the manufacturer's instructions on as many samples possible with each kit (Farmos Diagnostica, Finland). Gamma counting was performed on an LKB Wallac 1260 Mutigamma (LKB Instruments, Mt. Waverly, Victoria, Australia).
Clinically Based Assessments
Patient Durometer Testing Forty-eight breast reduction patients were enrolled and cream treatment randomized blindly to one or the other breast, once per day at night, starting at 1 week postoperatively for a 5-day run in on an intent-to-treat basis. If agreeable and tolerating the treatment at the second-week followup, patients were enrolled and photographed with a durometer measured as the average of three readings along the vertical breast scar using a Rex durometer (Rex Gauge Company, Inc., Buffalo Grove, Ill.) at 6 and 12 weeks postoperatively. Duredness is a measurement of hardness recorded in grams by a pressure strain gauge, that produces a set deformational force when applied to the surface of the scar and then is compared to the opposite sham-treated side. Digital readout is compared for three separate areas on the scar and averaged. The model used was the 00, as this is best for skin measurement. The vertical scar was chosen for consistency in measuring hardness, as many of the patients underwent vertical reduction mammaplasty.
Patient and Observer Scar Assessment Scale
Of the 44 patients evaluated for scar duredness, 27 were assessable by returned completed survey forms at least 1 year postoperatively. The patients reported on seven parameters, rating each from 1 to 10. 3 They were able to compare both scars with each other and the surrounding normal skin for subjective and objective criteria such as pain and itch, color, stiffness, regularity, and subjective hardness.
Statistical Analysis
Statistical methods were by Mann-Whitney U testing and Kolmogorov-Smirnov normal distribution testing on the chart data, as the sample sizes are relatively small. The paired t test was used on some sample testing because the cream and punch biopsy specimens were all taken from the patients used as their own controls, resulting in the power of the study being doubled by doing so. The 95 percent confidence level was chosen, and all the results were considered significant at the p < 0.05 level.
RESULTS
Seventy-eight patients in total were enrolled from two major plastic surgery units. However, 30 were assessable for the biochemical analyses. Specimens from one patient were lost because of laboratory error during the procollagen type III amino propeptide analysis. In addition, laboratory error accounted for two more samples being lost during the 1,4 DAB analysis in elective 3-month scar revision samples. Of the 48 breast reductions enrolled for durometry studies, 44 were assessable at 12 weeks, and 27 returned Patient and Observer Scar Assessment Scale surveys. That only 44 patients returned for 12-week assessment was attributable to four withdrawing after the 5-day run for inability to meet the follow-up schedule. The average age of the patients was 29 years (range, 5 to 53 years). Ten male subjects and 50 female subjects were studied (Fig. 1) . The biochemical analyses are illustrated in Figures 2 through 4 . The results in Figure 2 reveal ɛ-(γ-glutamyl)lysine cross-link levels of 7.96 ± 1.51 pmol/µmol amino acid versus 14.78 ± 3.52 pmol/µmol amino acid for 1,4 DAB-treated versus control-treated scars, respectively. 1,4 DAB-treated scars also had a significant (p < 0.05) elevation of soluble procollagen type III amino propeptide, being 47.75 ± 4.6 µg/mg wet weight versus 39.08 ± 6.02 µg/mg wet weight of tissue in the control-treated scars, and insoluble levels of procollagen type III amino propeptide were not significantly affected (Fig. 3) .
The levels of 1,4 DAB in scar tissue at the time of surgical scar revision was measured from a subset of 10 patients, of which eight were assessable. These patients had three punch biopsies performed just before the scar excision after the third month of the study. Twice physiologic levels of 1,4 DAB were recorded in the treated scars compared with the control-treated tissue, with the difference being significant (p < 0.05) (Fig. 4) .
A mean duredness (which is hardness measured by a Rex strain gauge durometer in grams) in 44 breast reduction patients was significantly different when comparing the 1,4 DAB-treated breast scars with control scars as seen by the box Fig. 1 . Early enrolment for biochemical analysis were from two centers. All patients accepted with recent scars were able to be studied in pairs (n = 30). Later, 48 breast reduction patients from one center were enrolled and 44 studied by durometry. Four of the patients enrolled after breast reduction dropped out because of personal reasons. Twenty-seven patients returned Patient and Observer Scar Assessment Scale questionnaires at 1-year follow-up. The total enrollment was 78 patients for both types of analysis. 1,4 DAB, 1,4-diaminobutane; PIIP-RIA, procollagen type III amino propeptide radioimmunoassay; POSAS, Patient and Observer Scar Assessment Scale. plot of the 12-week duredness average values in grams ( Fig. 5 ) (active, 24.98 ± 1.2 g; sham, 31.76 ± 1.1 g; p < 0.0002), which is interpreted clinically as a softer, more pliable and elastic scar, in the presence of 1,4 DAB. The 6-week data did not reach statistical significance. Patient and Observer Scar Assessment Scale scores from 27 assessable patients answering the breast scar survey a minimum of 1 year postoperatively revealed average scores with means of 14.07 ± 1.34 on the active side versus 21.41 ± 1.46 on the sham side (p < 0.0005), where the lower the score, the more normal the appearance of the scar compared with controls ( Figs. 6 and 7) .
DISCUSSION
The role of tissue transglutaminase in healing wounds is still controversial in the biochemical literature. 5, 6 Although tissue transglutaminase is considered to be intracellular, an extracellular location has been shown in healing wound tissue and in Dupuytren's diseased tissue. 7, 8 Studies in vitro from rhabdomyosarcoma cells reveal that Volume 145, Number 1 • Prevention of Human Hypertrophic Scars 81e the action of tissue transglutaminase in extracellular fibrillogenesis is inhibited by 1,4 DAB. 9 An intracellular location may be involved in apoptosis. 10 However, if this were affected by the addition of 1,4 DAB to wound tissue, one would expect to see evidence of this. In studies reported by Linge et al., this was considered an unreliable finding in wound explants studied for apoptosis markers. 10 The results in Figure 2 reveal that ɛ-(γ-glutamyl) lysine cross-link formation by tissue transglutaminase in 1,4 DAB-treated scar is significantly (p < 0.05) below levels seen in control scars from the same patients (7.96 ± 1.51 pmol/µmol amino acid versus 14.78 ± 3.52 pmol/µmol amino acid for 1,4 DAB-treated versus control scars). This occurs with a significant attendant increase in soluble procollagen type III amino propeptide, the putative enzyme substrate in the healing matrix, whereas the insoluble procollagen type III amino propeptide form does not appear to change in content ( Fig. 3 ). This can be explained by an increase in procollagen type III amino propeptide production or by a decrease in the wet weight of the scar. Because the duredness of the scar has decreased to a value of 24.98 ± 1.2 g versus 31.76 ± 1.1 g at 12 weeks in the presence of 1,4 DAB, it is now suggested that it is reducing the insoluble matrix and shifting the procollagen type III amino propeptide pool to a soluble form, and therefore a softer scar results. Once in soluble form, the turnover of procollagen type III amino propeptide would be expected to increase, thus leading to an overall reduction in scar size over time. Procollagen type III amino propeptide amino propeptide is cleaved from the rest of the type III collagen after crosslinking has occurred, forming the nidus on which collagen type I is then laid down by irreducible cross-links. The typical five-band stagger seen in collagen fibers on electron microscopy is a product of the procollagen type III amino propeptide acting as a registration peptide and then being cleaved during fiber formation. The ensuing collagen type I hydrostatic attraction forces are not enzyme-mediated events, therefore supporting a regulatory role for procollagen type III amino propeptide pool size on the degree of collagen matrix formation in the wound.
Tissue transglutaminase has been found to regulate the formation of active transforming growth factor-β, an important cytokine implicated in keloid formation and proliferative fibroblast activity such as hypertrophic burn scars. [11] [12] [13] It is proposed that control of collagen metabolism at the molecular level may be affected by tissue transglutaminase at a critical point in the pathway to wound matrix formation, and this may be perturbed by the presence of 1,4 DAB.
It is known that type III collagen is increased in hypertrophic scars, but not in keloids. 14 Furthermore, type III procollagen and the aminopropeptide (procollagen type III amino propeptide), unlike collagen type I, have specific substrate sites for tissue transglutaminase. 5 From this, we can hypothesize that inhibition of cross-linking by incorporation of a polyamine such as 1,4 DAB will allow accumulation of soluble procollagen Volume 145, Number 1 • Prevention of Human Hypertrophic Scars 83e type III amino propeptide in the extracellular tissue ( Fig. 3 ). Weistner et al. have shown that soluble procollagen type III amino propeptide added to fibroblast cultures decreased collagen type I production, suggesting the existence of a negative feedback mechanism, or end-product inhibition. 15 It is also speculated that microfibril formation involving type V and XI collagen crosslinking is inhibited by 1,4 DAB and may involve similar effects on intracellular mechanisms. The use of lysyl oxidase inhibitors did not seem to affect this. 16 1,4 DAB is well absorbed in its present formulation, with a mean concentration twice that of untreated scars from patients in whom this was studied ( Fig. 4 ). It appears to be safe in vivo at the concentration used, adverse events being rare (phase 2A and 2B studies on file at Bioail Corp., Mississauga, Ontario, Canada). Levels of 1,4 DAB are low compared with normal plasma levels seen in all humans. Further research is needed to study the effects compared to silicone gel and other delivery and dosage regimens. [17] [18] [19] However, it is recommended that based on the clinical outcomes seen in the current preparation for the prevention of hypertrophic scars in the breast reduction population, the use of 1,4 DAB be considered for future research in the control of hypertrophic scars.
